Patients who suffer adverse events on the wards, such as cardiac arrest and death, often have vital sign abnormalities hours before the event. Early warning scores have been developed with the aim of identifying clinical deterioration early and have been recommended by the National Institute for Health and Clinical Excellence. In this review, we discuss recently developed and validated risk scores for use on the general inpatient wards. In addition, we compare newly developed systems with more established risk scores such as the Modified Early Warning Score and the criteria used in the Medical
Adverse events on the wards, such as cardiac arrest and death, are rarely sudden and are often heralded by abnormal vital signs hours before the event. [1.] , [2.] , [3. ] , [4. ] , [5.] However, these signs are often missed or not acted on appropriately, even in hospitals with mature rapid response systems. [6] In 2007, the National Institute for Health and Clinical Excellence recommended that physiologic track and trigger systems should be used to monitor all adult patients in acute hospital settings. [7] These systems, also known as early warning scores, typically use vital sign thresholds to identify at-risk patients. Currently there are > 100 different published track and trigger systems, [8.] , [9. ] , [10.] most of which are hospital-specific modifications of the original Early Warning Score, [11] developed using expert opinion, and have demonstrated variable levels of reliability, validity, and usefulness. [12] In the past few years, there has been a move toward scientifically derived risk scores and unifying the criteria across hospitals in some countries. [13. ] , [14. ] , [15.] In this review, we discuss risk scores for use on the general inpatient wards, with a focus on those that were developed recently. In addition, we compare newly developed systems with more established risk scores, such as the Modified Early Warning Score (MEWS) [16] and the criteria used in the Medical Early Response Intervention and Therapy (MERIT) trial [17] in our database of > 59,000 ward admissions. We limit our discussion to objective vital sign-based risk scores designed for adult patients on the general hospital wards, but it should be noted that much progress has been made in pediatric risk scores and in the development of systems for specific patient populations. [18. ] , [19.] , [20.] , [21.] Recently Developed Risk Scores for Ward Patients Physiologic track and trigger systems are often divided into single-parameter, multiple-parameter, and aggregate weighted systems. There have been recent developments in each of these categories. [8.] , [9. ] , [10.] Single-Parameter Systems A single-parameter system is composed of a list of individual physiologic criteria that, if reached by a particular patient, trigger a response. Since any one abnormality on the list will trigger the response, these systems are the easiest to implement, requiring no score calculation. The first such system was developed in the early 1990s in Liverpool, Australia and included vital signs, laboratory values, and specific conditions such as new arrhythmia and amniotic fluid embolism. [22] The MERIT trial used a variation of these criteria, and it remains the most commonly described of the single-parameter tools today. [17] Both of these early systems were developed using expert opinion. However, recently Cretikos and colleagues [23] used a case-control design to develop an evidence-based modification to the MERIT criteria using data from the control arm of the trial. This model (respiratory rate ≥ 28 breaths/min, heart rate ≥ 140 beats/min, systolic BP ≤ 85 mm Hg, or a decrease in Glasgow Coma Scale score of > 2 points), had a sensitivity of 59.6% and specificity of 93.7% for predicting the composite outcome of cardiac arrest, death, or ICU transfer, compared with 50.4% sensitivity and 93.3% specificity for the original criteria.
Multiple-Parameter Systems
Multiple-parameter systems use combinations of different physiologic criteria, without calculation of a score, to activate the rapid response system. These systems are the least commonly described but have the advantage of allowing for risk stratification and a graded response, without requiring a complex calculation. A recent example of this type of system was developed by Bleyer and colleagues [24] using vital sign cutoffs that were individually associated with at least 5% in-hospital mortality. The critical values they identified were a systolic BP < 85 mm Hg, heart rate > 120 beats/min, temperature < 35°C or > 38.9°C, oxygen saturation < 91%, respiratory rate < 13 or > 23 breaths/min, and level of consciousness recorded as anything but "alert." They assigned one point for each critical value and found that having three simultaneous critical values was associated with 23.6% in-hospital mortality. In addition, the authors compared their score to two aggregate weighted risk scores, the MEWS (Table 1 ) [16] and the VitalPAC Early Warning Score (ViEWS) ( Table 2) , [25] and found similar accuracy for detecting in-hospital mortality (areas under the receiver operating characteristic curves [AUCs] of 0.85, 0.87, and 0.86, respectively). 
See Table 1 legend for expansion of abbreviation.
Aggregate Weighted Systems
Aggregate weighted scoring systems are the most complex of the early warning scores. They categorize vital signs and other variables into different degrees of physiologic abnormality and then assign point values for each category. They have the advantage of allowing for risk stratification of patients and responses based on severity level but can be error prone when calculated manually. [26. ] , [27.] Most published systems are expert opinion-based variations of the original Early Warning Score, [12] including the well-described MEWS and the Standardized Early Warning Score (SEWS) ( Table 1 legend for expansion of abbreviation.
One of the most recently developed aggregate weighted risk scores is the ViEWS. [25] The ViEWS is similar to previously published early warning scores and includes heart rate, respiratory rate, temperature, and systolic BP but adds oxygen saturation and the use of supplemental oxygen (Table 2 ). In addition, the weighting for different vital sign abnormalities was adjusted based on the investigators' analyses, prior literature, and trial and error. [25] A study in the dataset from which the ViEWS was derived found that it outperformed 33 other risk scores in a cohort of 35,585 acute medical patients for the outcome of death within 24 h of a ward vital sign set. In addition, an abbreviated ViEWS, without mental status, was externally validated in a separate study in a Canadian hospital, where it was found to have an AUC of 0.93 for mortality and 0.72 for ICU transfer within 48 h using admission vital sign data. [29] Another aggregate weighted scoring system was developed by Tarassenko and colleagues [30] using continuous vital sign data in high-risk patients on the wards or step-down units. They derived a scoring system based on the distributions of respiratory rate, heart rate, systolic BP, and oxygen saturation in their dataset. Although they did not evaluate the accuracy of their system for detecting adverse outcomes, they are currently conducting a clinical trial using their system on the trauma wards at a teaching hospital. [30] Our group published an aggregate weighted system known as the Cardiac Arrest Risk Triage (CART) score (Table 4) . [31] The CART score was derived using logistic regression to detect in-hospital cardiac arrest and was validated for detecting ward-to-ICU transfers. In that study, the CART score outperformed the MEWS for detecting both cardiac arrest (AUC, 0.84 vs 0.76; P = .001) and ICU transfer (AUC, 0.71 vs 0.67; P < .001). However, it was not compared with other early warning scores and has not yet been validated using external data. There are several other recent additions to the literature. These include the Worthing physiologic scoring system, which was statistically derived using admission data. [32] When applied to a validation dataset, the system had an AUC of 0.72 for the outcome of in-hospital mortality. A disadvantage of this system is that it requires the measurement of oxygen saturation on room air, which is not always collected. In addition, a form of the MEWS was recently introduced in The Netherlands that includes nurse worry and urine output and was validated in a population of surgical patients using the highest score achieved for each patient during that hospitalization. [15] A score ≥ 3 had a sensitivity of 74% and specificity of 82% for a composite outcome that included mortality, ICU transfer, and severe surgical complications. In another study, Kho and colleagues [33] developed a risk score by altering the vital sign weightings in the MEWS, adding BMI and age and removing mental status, based on prior literature and a review of calls to their hospital's rapid response team. Using the maximum score for each patient on the wards, their model had an AUC of 0.72 for the combined outcome of code team activation, cardiac arrest, or ICU transfer. In addition, Cuthbertson and colleagues [34. ] , [35.] used discriminant function analysis in two case-control studies, one in medical and another in surgical patients. They used the highest, lowest, and median vital sign values for patients in the 48-h period before transfer to the ICU (cases) or to a lower-acuity unit (control subjects). The resulting models were at least as accurate as the other published risk scores they compared their models to in both studies. Finally, using electronic medical record data, investigators from Kaiser Permanente developed a 24-variable model that included vital signs, laboratory values, severity of illness scores, and longitudinal chronic illness burden scores. [36] Their model had an AUC of 0.78 in a validation
Introduction
The accuracy of the system has strong implications for long-term success, both in terms of identifying more cases (ie, sensitivity) to minimize adverse events and preventing false alarms (ie, specificity) to minimize resource expenditure and alarm fatigue. For example, consider a hospital that has 20,000 admissions per year and 1,000 events (ICU transfers, deaths, and ward cardiac arrests). An improvement in sensitivity of 5%, at the same specificity level, would result in the detection of an additional 50 adverse events per year (1,000 events multiplied by the difference in sensitivity of 5%). In addition, an improvement in specificity of 5%, at the same level of sensitivity, would result in 950 fewer "false alarms" per year (19,000 admissions who did not experience the event multiplied by the difference in specificity of 5%). Multiplying these results over many hospitals across the country would result in a considerable public health benefit and illustrates the importance of efforts to improve the accuracy of early warning scores.
Methods
Because the systems described previously represent recent advances, many have not been directly compared with one another in the same dataset. Therefore, we used our database of ward admissions from November 2008 until August 2011 consisting of both medical and surgical patients to compare the different early warning scores described previously. Our patient population has been previously described; in brief, it consists of all patients on the ward from a single urban academic center in the United States. [31] Our hospital has had a rapid response team in place since 2008, which is led by a critical care nurse and is separate from the team that responds to cardiac arrests. Respiratory therapy also responds to team activations and a hospitalist attending physician and/or pharmacist are available upon request.
We compared recently developed or validated single-parameter (ie, Cretikos et al [23] ), multiple-parameter (ie, Bleyer et al [24] ), and aggregate weighted (ie, Tarassenko et al, [30] ViEWS, SEWS, and the CART score [25. ] , [28. ] , [31.] ) risk scores to previously validated systems that are commonly used (ie, the MERIT criteria and MEWS). [16. ] , [17.] We were unable to compare all the recently developed systems because room air oxygen saturation, BMI, urine output, and accurate determination of patients admitted to the surgical service were not available. In addition, some aspects of the MERIT criteria were not captured in our dataset, such as a drop in Glasgow Coma Scale score, the presence of seizures, and airway emergencies.
Ward vital signs were extracted from our electronic health record (EPIC), and each of the previously mentioned early warning scores was calculated for every simultaneous ward vital sign set in the entire dataset. If a vital sign necessary for score calculation was missing, then the most recent value was carried forward. In addition, if there were no previous values, then a median value was imputed. Cardiac arrest was determined using a prospectively validated quality improvement database, and ICU transfer and mortality were determined using administrative databases.
Accuracy was calculated using the AUC, sensitivity, and specificity for detecting cardiac arrest, ICU transfer, mortality, and a composite outcome of any of these events using each patient's highest score prior to the event or during their entire admission for those who did not experience an event. Ward patients transferred to the ICU from the operating room were not counted as an ICU transfer event. Of note, the CART score was developed to detect cardiac arrest using an older version of these data that account for approximately 80% of the patients in this updated dataset.
Results
During the study period, there were 59,643 admissions with ward vital signs, including 109 ward cardiac arrests, 291 deaths within 24 h of a ward vital sign, and 2,655 ward-to-ICU transfers. The included patients had a mean age of 55 ± 18 years; 56% were women, 43% were black, 36% were white, and 34% underwent surgery during the hospitalization. Results from the early warning score comparisons are shown in Table 5 , separated by outcome. We found a wide range of accuracy, both across outcomes for a given system and across systems. In general, mortality resulted in the highest AUCs, whereas ICU transfer resulted in the lowest. Overall, the aggregate weighted scoring systems outperformed the other systems for most outcomes, with the SEWS, MEWS, ViEWS, and CART score being the most accurate. In addition, the modified MERIT criteria described by Cretikos and colleagues [23] were more accurate than the original MERIT criteria for all outcomes. Although the ViEWS, CART, MEWS, and SEWS were similar in performance across the outcomes, the CART score had the highest AUC for cardiac arrest (0.83), ICU transfer (0.77), and the composite outcome (0.78), whereas the CART score, ViEWS, and SEWS all had the same AUC for mortality (0.88). The ViEWS was the second most accurate system for detecting cardiac arrest (0.77), and the SEWS was the second most accurate for ICU transfer (AUC 0.75) and the composite outcome (AUC, 0.76). Since the CART score was derived using many of the patients from this dataset, we repeated the analysis for the CART score using only those patients not in the original study (ie, prospective validation) and found similar results (AUCs of 0.86, 0.76, 0.87, and 0.77 for cardiac arrest, ICU transfer, mortality, and the composite outcome, respectively). Sensitivity and specificity values at cut-points closest to 85%, 90%, and 95% specificity for the four most accurate systems for detecting cardiac arrest are shown in Table 6 . At a specificity threshold of approximately 90%, the CART score had a sensitivity of 49%, compared with the ViEWS (41%), MEWS (39%), and the centile-based system (35%, data not shown). The SEWS and the multiple-parameter system by Bleyer and colleagues [24] did not have cut-offs near this level of specificity. The MERIT criteria had a sensitivity and specificity of 45% and 82% for detecting cardiac arrest compared with the modified criteria proposed by Cretikos et al, [23] which had a sensitivity of 54% and specificity of 84%. See Table 5 legend for expansion of abbreviations.
Implementation of Early Warning Scores
An important part of the process of implementing a physiologic track and trigger system, especially an aggregate weighted system, is determining how the score will be calculated. Options include calculation by hand, using a calculator or handheld device developed specifically for the scoring system, and using the electronic medical record. Manual calculation, with or without a calculator, is the most commonly used method and the least expensive to implement. However, studies suggest that calculation errors are not uncommon. [26. ] , [27.] Preprogrammed applications decrease these errors but still require manual entering of the data, which can be redundant to workflow and error prone in its own right. [27] Completely automated systems, such as those integrated into electronic medical records, are likely to be the least labor intensive from the clinician standpoint and least error prone. Moreover, they have the potential to incorporate other patient data, such as demographic characteristics, location, and laboratory values and even be tied into automated notification systems. [33. ] , [36.] However, these systems require institutional resources to implement and may not be an option for most hospitals, especially those with paper-based medical records.
Current Controversies in the Field
Outcome Selection for Development and Validation Studies
As demonstrated in the results of our comparison study, the reported accuracy of a scoring system will depend in large part on the outcome chosen for validation. Therefore, comparison of systems requires a consistency in outcome selection. Although mortality is the easiest to predict, as evidenced by the higher AUCs, it may not be the most useful, since many deaths in the hospital are fully expected, and detecting those events is neither necessary nor helpful. However, most studies of early warning scores have not omitted do not resuscitate (DNR) patients from their analyses. Reasons for this may include difficulty in identifying such patients in large datasets, the inability to determine the exact time when the goals in patient care transition from life-saving (when early warning scores might be beneficial) to comfort (when risk scores would not be useful), the belief that some DNR patients still desire other life-saving interventions, and previous studies suggesting that rapid response teams can improve some aspects of end-of-life care. [37] ICU transfer represents the most common outcome and thus results in the highest statistical power but is the least generalizable, given the heterogeneous criteria for admission, resulting in the lowest AUCs. Moreover, it is, by definition, an event already recognized by hospital staff, albeit late on some occasions. In addition, criteria for ICU admission in some hospitals may include vital sign cutoffs, and so scores derived or validated in such hospitals would be affected by these criteria. Similar to mortality, cardiac arrest has the benefit of being objectively defined. However, unlike mortality, it is always worth identifying and preventing, if only to institute a DNR order in some cases. As such, a cardiac arrest on the floor always represents a failure of the current system and thus may be the most clinically relevant of the outcomes to use for derivation and validation. However, reporting all four outcomes in future studies would allow readers to draw their own conclusions about relevant outcomes for their own practice.
Some authors have stated that the original early warning scores were not developed to be highly accurate predictors of any specific outcome due to the many confounding events that occur during a hospitalization. [38] In addition, as described previously, investigators have also used the distribution of vital signs to determine cutoffs for risk scores, arguing that deriving models based on outcomes, when used prospectively, will disadvantage those patients who would have been previously "salvaged" by the vital sign monitoring system that had been previously in use in the development dataset. [30] Inclusion of Age in Risk Scores
Older age is a known risk factor for cardiac arrest and death and is often included in risk scores used in the ICU. However, age is only rarely included in current risk scores for ward patients. [39] Several studies have shown that the increased risk of adverse outcomes associated with increased age is independent of vital sign derangements, and the inclusion of age has been shown to improve the accuracy of risk scores, although to varying degrees. [ [39] and including age could make it less likely for younger patients with vital sign abnormalities to be identified. It is unknown to what degree this would occur, given that cardiac arrest and death are much more common in older age groups. In addition, it is unknown whether vital signs prior to these events differ between younger and older patients, given the increased use of ?-blockers in older patients and the physiologic changes that occur with aging.
Impact on Clinical Outcomes
The most important unanswered question is whether early warning scores improve outcomes. To definitively answer this question, a large randomized trial would be needed that used a well-validated risk score, and even then separating the effects of the specific risk score used in the study from the intervention would be difficult. Many before-and-after studies have been published highlighting the usefulness of early warning scores (usually concurrently implemented with rapid response systems), including improved vital sign documentation [40. ] , [41.] and improved patient outcomes. [ However, these findings have not been universal, [45. ] , [46.] and it is currently unclear whether early warning scores improve important patient outcomes, such as hospital-wide cardiac arrest and mortality rates, or decrease costs. Importantly, delayed response has been identified as one of the strongest predictors of mortality and unexpected ICU transfer in patients evaluated by the rapid response team. [47. ] , [48.] Future efforts to improve the evidence base for early warning scores are needed, as are methods to improve adherence to vital sign documentation and rapid response system activation after they are implemented. Automated implementation with built-in notification, as described previously, is likely to help, but this remains to be demonstrated, and the cost-effectiveness needs to be studied. Finally, pairing the different risk strata to specific levels of interventions, such as increased monitoring, consultation by the ICU team, and automatic calls to the rapid response team, is essential, and different workflows have been proposed. [8] 
Conclusions
The number of published risk scores for ward patients has grown rapidly over the past decade, in large part due to the popularity of rapid response systems. We found that aggregate weighted early warning scores, specifically the ViEWS, SEWS, MEWS, and CART score, were more accurate than other types of scoring systems for detecting cardiac arrest, mortality, ICU transfer, and a composite outcome in our dataset. Hospitals seeking to implement an aggregate weighted scoring system should consider the available variables, possible calculation methods, and system resources when selecting the appropriate tool for their setting.
